ABSTRACT: Non-destructive testing (NDT) techniques based on surface reflection of stress-wave have been successfully used for the integrity testing of newly-built individual piles. However, for piles with pile cap, previous studies have shown that the stress-wave reflected from the boundary of pile cap may cause difficulties in determining their integrity. In order to minimize the effects of stress-wave reflected from pile cap, three model piles (one is intact and the other two are with defects) were constructed with embedded accelerometers inside the pile in this study. Conventional Sonic Echo test and tests with embedded accelerometers were performed to assess their integrity. Results of these tests indicate that, in comparison to the surface reflection NDT method, testing with embedded accelerometers is more accurate in assessing the integrity of these model piles.
INTRODUCTION
The ability to assess the structural integrity of piles after a major event such as earthquake or scouring of riverbed plays a key role in evaluating the safety conditions of brides. Several NDT methods based on wave propagation theory have been used to assess the integrity of drilled shafts or cast-in-place piles. These tests are also called pile integrity test (PIT) and can be classified into two groups: direct transmission method and surface reflection method.
The most common direct transmission PIT is the Cross-hole Sonic Logging (CSL) test (Stain and Williams, 1991) or the Cross-hole Tomography (CT) test (Han and Wang, 1992) . A CSL/CT test normally requires two pairs of steel or PVC access tubes installed in the shafts and tied to the rebar cage. The cage is then lowered into the bore hole and the concrete is placed. A sound source and receiver are lowered into the tubes, maintaining a consistent elevation between source and sensor. A signal generator generates a sonic pulse from the emitter which is recorded by the receiver. Relative energy, waveform and differential time are recorded and logged. This procedure is repeated at regular intervals throughout the pile. By comparing the graphs from the various combinations of access tubes, a qualitative idea of the structural soundness of the concrete throughout the pile can be gleaned. The CSL/CT method is considered to be more accurate than the surface reflection PITS in the determination of structural soundness of concrete within the drilled shaft (Hollema and Olson, 2003) . However, for existing piles with pile cap, access tubes are often not available, thus the CSL method is usually not applicable.
In a surface reflection PIT, the pile top is struck by a hand-held hammer which generates a stress wave that travels down the pile, reflects off the pile toe or other material/cross-section changes and then back to the pile top. An accelerometer or geophone is attached to the pile top by a thin coupling compound and records both the incident wave and reflective waves. Depends on how the signal were analyzed, the surface reflection PITs are further classified into Sonic Echo (SE) method (Steinbach and Vey, 1975) , Impulse Response (IR) method (Davis and Dunn, 1974; Finno and Gassman, 1998) , and Ultra Seismic (US) method (Olson et al., 1998) . These surface reflection PITs have been successfully applied to assess the structural integrity of newly-built individual piles. However, previous study (Wu et al., 2015) has found these three PIT methods still encounter difficulties in assessing the integrity of group piles with pile cap. Therefore, the objective of this study is to investigate the feasibility of the three surface reflection PIT techniques in detecting the defects for piles with pile cap.
METHODOLOGY

Theoretical Background
The Sonic Echo PIT method has been adapted as a standard procedure to assess the integrity of drilled shafts or cast-in-place piles by the ASTM (ASTM, 2000) . Since this technique was used in this study, a brief description about the theoretical background of this method is presented in this section.
A typical surface reflection PIT setup is shown schematically in Fig. 1 . These tests involve impacting the top of a pile with a hammer to introduce a downward traveling transient stress wave. When the wave encounters a change of the impedance within the pile, such as a defect or pile toe, it will reflect back to the pile head and recorded by an accelerometer or a geophone. The SE test requires only the particle velocity response history to perform integrity analysis. A velocity waveform of a pile containing a necking defect is illustrated in Fig. 2 , the location of the defect or the length of the pile can be calculated from the travel time (dt) of stress waves reflected from the defect or the toe of the pile using the following equation:
Where c is the stress wave traveling speed in concrete and ranges between 3000~4500 m/s depends on the quality of concrete. Due to boundary effects, the SE method is not reliable in assessing the integrity of piles with pile cap. In order to minimize the effects of stress-wave reflected from pile cap, three model piles were constructed with three embedded accelerometers for each pile, and were tested to assess their integrity. A schematic drawing of these piles is shown in Fig. 3 . The diameter and length of these piles are 0.3m and 3m, respectively. Pile P1 is an intact pile. Pile P2 contains a 10cm by 2cm necking defect located 1.2m from the top. Pile P3 contains a major defect (damaged) made by 1cm-thick Styrofoam also located 1.2m from the top. The locations of the three embedded accelerometers are 0.30m, 1.56m and 2.83m from the pile top, respectively. A pile cap was constructed to group these piles together. The dimensions of the pile cap are 2.4m x 0.5m x 0.3m, respectively. Photographs of these three piles before and after installation of pile cap are shown in Fig. 4 . Both the conventional SE test and test with embedded accelerometers were performed before and after installation of pile cap. The ability of these two methods in assessing the integrity of these piles are compared and discussed in the next section. 
TEST RESULTS
Before Installation of Pile Cap
The velocity waveforms of intact pile P1 before installation of pile cap are shown in Fig. 5 . The incident wave and toe reflection can be identified easily with receivers 1 and 2. The lengths calculated using elapsed time between the incident and reflective waves by Eq. (1) are 2.71m by receiver 1 and 1.48m by receiver 2. Bear in mind that the distance between the 1 st receiver and pile top is 0.30m while the distance between the 2 nd receiver and pile top is 1.56m. Therefore, the estimated pile lengths are 3.01m (by receiver 1) and 3.04m (by receiver 2), and are all very close to the 3.00m actual pile length. For receiver 3, because it is located near the toe, only the incident wave can be identified, the reflection in the waveform is from the top rather than from the toe. The velocity waveforms of necking pile P2 before installation of pile cap are shown in Fig. 6 . For the 1 st receiver, in additional to the incident wave, both the defect reflection and toe reflection can all be easily identified. The estimated 
P1 (Without Cap)
-Incident Wave -Defect Reflection -Toe Reflection defect location is 1.34m from pile top, which is slightly higher than the actual location of the defect (1.2m + 0.1m/2 = 1.25m). The estimated pile length is 3.13m, which is also slightly higher than the actual pile length. For receiver 2, only the incident wave and toe reflection can be identified. The estimated pile length by this receiver is 2.97m and is very close to the actual pile length. For receiver 3, only the incident wave can be identified. The velocity waveforms of damaged pile P3 before installation of pile cap are shown in Fig. 7 . In the waveform of the 1 st receiver, the incident wave and the defect reflection are easy to identify. The toe reflection is less clear but still can be identified. The estimated defect location is 1.30m from pile top, slightly higher than the actual location of the defect (1.2m). The estimated pile length is 3.26m, which is also slightly higher than the actual pile length. For receiver 2, only the incident wave and toe reflection can be identified. The estimated pile length by this receiver is 3.05m, also very close to the actual pile length. Similar to the other two piles, only the incident wave can be identified in the waveform of the 3 rd receiver. It is evident that waveform of the 1 st receiver (located above defect) can be used to identify both the defect and toe within a pile. However, for a pile with defect, due to the effect of wave dispersion through defect, the estimate pile 
P3 (Without Cap)
-Incident Wave -Defect Reflection -Toe Reflection length is slightly higher than the actual value. On the other hand, waveform from the 2 nd receiver (located below defect) might not able to detect the defect, but may obtain more accurate pile length. Waveforms from conventional SE tests and tests using the 1 st embedded accelerometer without pile cap are compared in Fig. 8 . As shown in Fig 8a, the incident wave, reflection from defect, as well as reflection from pile toe can all be identified using conventional SE method. However, stress waves reflected from the boundary (side) of pile top can be misidentified as reflections from defect as shown by the "?" marks in Fig 8a. In contrast, as shown in Fig 8b, waveforms from tests using the 1 st embedded accelerometer are more "clear" than those from conventional SE tests. There is less chance of misidentifying the defect reflections. Therefore, it is concluded that for the integrity testing of piles, using embedded accelerometer within a pile is a better solution than placing it on the top surface of a pile. Comparison of waveforms obtained from conventional SE tests and tests using the 1 st embedded accelerometer after installation of pile cap are shown in Fig. 9 . It can be seen that, because most of the impact energy was absorbed by the pile cap, the amplitude of toe reflection in both tests is much less tests before the install of pile cap. Furthermore, for tests with placing accelerometer on the surface of pile cap, as shown by the "?" marks in Fig. 9a , reflections of stress-wave from the boundaries of pile cap increase the difficulty in identifying the defect and/or toe reflections. It is very difficult to differentiate the integrity of the three model piles with the conventional SE method. On the other hand, as shown in Fig. 9b , the boundary effects of pile cap are reduced by using embedded accelerometer. Waveforms from the 1 st embedded accelerometer for the three piles significantly different, especially between the intact pile and piles with defect. Therefore, for the integrity testing of piles with a pile cap, embedded sensors are recommended.
CONCLUSIONS
The objective of this paper is to investigate the advantages of using embedded sensors for the integrity testing of piles with a pile cap. From the results of integrity tests on model piles, the following conclusions can be drawn: (1) Boundary effects of pile cap on the waveforms of low strain stress-wave reflection tests are reduced by using embedded accelerometer making it easier to assess the integrity of piles with a pile cap. (2) Using an embedded sensor located above the defect can identify both the defect and toe within the pile. However, for a pile with defect the estimate pile length is slightly higher than the actual value. (3) Using an embedded sensor located below the defect might not able to detect the defect, but may obtain more accurate pile length. (4) It is suggested to perform integrity tests with embedded sensors in a full size pile to verify the results of tests on model piles.
